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Interaction between geometry, mechanical property and incidence 
frequency of trapezoidal sedimentary basin to SH waves 
 
Chuanbin Zhu · David Thambiratnam 
 
 
 
 
 
Abstract This paper treated the effects of basin geometry and material property on the response of 2D 
trapezoidal sediment-filled basin to incident plane SH waves. Ten basin configurations with different geometries 
were developed, and then their seismic responses to both Ricker wavelets and earthquake records were 
simulated by using an explicit difference scheme. The definition of deep/shallow basin, the precondition for the 
observation of prominent surface waves and the influential area of edge effects of the shallow basin were 
described quantitatively in this study. The followings were concluded: in the common velocity contrast range 
(vs1/vs2 <10), a basin with W/H > 3.0 can be regarded as a shallow basin, and its fundamental frequency can be 
estimated approximately by 1D theory. The complexity of PGA distribution pattern, the width of ground motion 
as well as the amplitude of ground motion in the Edge Region increase with incident frequency. Prominent 
surface waves can only be observed when the incident wavelength is shorter than the critical wavelength c. The 
interaction between incidence and basin dynamic property plays a dominant role on the PGA amplitude while 
the interaction between incidence and geometry plays a more significant role on the PGA distribution. For very 
shallow basin, the edge effects affect different ground areas to different extents. Only a limited edge area is 
influenced significantly. It is more feasible to propose SAGs for different surface zones respectively than a 
uniform constant as a tool to calibrate the 1D-based design spectrum so as to take the basin effects into account. 
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1 Introduction 
 
The seismic response of engineering site has been affected by many factors, including source characteristics, 
propagation path and local site conditions. The basin effects (Edward, 1996; Rovelli et al., 2001; Semblat et al., 
2002; Choi et al., 2005) have been recognized by researchers for several years.  
      Pioneering researchers on basin effects had been undertaken by Aki and Larner (1970) who proposed a 
semi-analytical, semi-numerical technique to calculate the seismic response of a two-dimensional basin to a 
plane incident signal. Trifunac (1971) and Wong and Trifunac (1974) developed analytical methods to simulate 
the surface motion of elastic semi-elliptical valleys to incident plane SH waves. Alterman and Karal (1968) and 
Boore et al. (1971) used finite difference method to investigate the effect of irregular underground interface. 
Smith (1975) and Hong and Helmberger (1978) introduced finite element method to study wave propagation in 
nonplanar structure. Besides, large-scale field tests have been carried out to validate the theoretical results. The 
Ashigara Valley (Ohtsuki and Harumi 1983; Ohtsuki et al., 1984) and Ohba Valley (Gazetas et al., 1993) in 
Japan, the Parkway Valley in New Zealand (Chávez-García et al., 1998), the Coachella Valley in southern 
California (Field, 1996), the Valley of Nice in France (Sánchez-Sesma et al., 1988) and the Volvi Basin in 
Greece (Raptakis et al., 2000; Pitilakis, 2004; Makra et al., 2005) are some of the best known test sites.  
      These studies confirmed the two-dimensional (2D) basin effects are mainly due to the irregular interface 
between the soft layer and underlying bedrock or the lateral heterogeneities, under a particular condition, 
leading to the focusing effect of seismic waves and the generation of surface waves as well as their following 
reverberation and interference. In addition, the seismic response of sediment-filled basin also involves the 
following aspects: first, site amplification effect, which occurs when seismic waves travel from a high rigidity 
medium to a relatively low rigidity one; second, resonance effect at critical frequency; third, soil nonlinearity; 
fourth, multiple reflection of incoming waves in the soft layer and their superposition even constructive 
interference with surface waves.   
      Although the fundamental mechanism of basin amplification effect is clear, there are still some markedly 
uncertainties, like a quantitative definition of shallow and deep basin, quantitative pre-condition(s) for the 
initiation of prominent surface waves, quantitative description as to the influential area of basin-edge effects. 
The purpose of the present study is to address these uncertainties by investigating in much more details the 
interaction among incident signal, basin geometry and basin material property from both earthquake engineering 
and seismology point of view. Ricker wavelets as well as real seismic records were taken as incidences (SH 
waves). A total of 10 basin configurations with different slope angles or half-width/depth ratios were developed 
in this research. First, modal parameters of these basins were obtained, and then viscoelastic seismic responses 
were simulated by an explicit finite difference scheme. 
2 Basin geometry and material 
 
A total of ten basin models with different geometrical parameters are developed in this investigation, as shown 
in Fig. 1. The first three basins (Fig. 1 (a)) with identical L/H ratio ((L- half-width of basin surface, H- 
maximum depth of basin)) but different  (- slope angles) 30, 45 and 60  corresponds to Basin-30, Basin-45 
and Basin-60 respectively. These three basins are to explore the prospective implication of slope angle on 
ground motion. Another basin structure with the same slope angle as Basin-60 but double its depth refers to 
Basin 60-Deep (Fig. 1 (b)). Likewise, Basin-60-Broad (Fig. 1 (c)) is with the same slope angle as Basin-60 but 
with a four times broader width. These two are applied to examine the potential impact of L/H ratio. 
 
 
(a) Basin-30, Basin-45 and Basin-60 
 
(b) Basin-60-Deep 
 
(c) Basin-60-Broad 
Fig.1 Basin configuration used in this analysis.  
 
Table 1 Geometrical parameters and fundamental frequencies (high contrast) of each basin 
 
 ()  H (m) L (m) E (m) L/H W (m) W/H fo(Hz) f0/fh0 Naming 
30 
100 250 44.97 2.50 163.40 1.63 2.08 1.18 Basin-30 
100 1000 44.97 10.00 913.40 9.13 1.86 1.05 Basin-30-Broad 
45 
100 160 74.82 1.60 110.00 1.10 2.33 1.32  
100 180 74.82 1.80 130.00 1.30 2.16 1.22  
100 250 74.82 2.50 200.00 2.00 1.95 1.10 Basin-45 
60 
100 250 118.94 2.50 221.13 2.21 1.89 1.07 Basin-60 
150 250 178.41 1.67 206.70 1.38 1.38 1.17  
200 250 237.88 1.25 192.26 0.96 1.24 1.40 Basin-60-Deep 
100 500 118.94 5.00 471.13 4.71 1.86 1.05  
100 1000 118.94 10.00 971.13 9.71 1.86 1.05 Basin-60-Broad 
Note: Symbols , H, L are illustrated in Fig. 1 (b), fo - fundamental frequency of the basin, fh0 - fundamental frequency of a flat layer with a 
thickness equal to the maximum depth of  its corresponding 2D basin, referred as “equivalent plane layer”, fh0 =vs /4H.  2W - effective width 
over which the local deposit thickness is greater than half the maximum thickness. 
 
      To compare ground motions across basin structures, two location systems are introduced in this study: 
absolute location system and relative location system. In the absolute system, one surface point can be located 
by x/L (x is its distance from the midpoint of a basin, right is positive). In the relative system, sediment surface 
is zoned to distinguishable regions: Edge Region, Near-edge Region, Central Region and Midpoint (from the 
farthest basin edge to the centre) with a width of l1, E, l2-E and zero respectively, as illustrated in Fig. 1 (c). The 
length of the Near-edge Region E is specified in Section 6.3. 
      As for the mechanical parameters, both high and low contrast material parameters are considered to explore 
the impact of impedance ratio,, 
High contrast case, 
ߩଶ ൌ 2000	݇݃/݉ଷ  , ݒ௦ଶ ൌ 707	݉/ݏଶ 
l1 l2 
H 
 
l1      E l2 -E 
Central 
Region 
Edge Region  Midpoint Near-edge Region 
Basin-30 
Basin-45 Basin-60 
L
ߩଵ ൌ 3300	݇݃/݉ଷ  , ݒ௦ଵ ൌ 3507	݉/ݏଶ 
 
ܿ ൌ ఘభ௩ೞభఘమ௩ೞమ ൌ 8.2 
Low contrast case, 
ߩଶ ൌ 2300	݇݃/݉ଷ  , ݒ௦ଶ ൌ 550	݉/ݏଶ 
ߩଵ ൌ 2800	݇݃/݉ଷ  , ݒ௦ଵ ൌ 1100	݉/ݏଶ 
 
ܿ ൌ ߩଵݒ௦ଵߩଶݒ௦ଶ ൌ 2.4 
 
Where , ݒ௦,	ܿ represents respectively for each medium its density, shear wave velocity and contrast ratio. 
       The high contrast case (ܿ ൌ 8 .2) is not very common from the engineering point of view, since it 
corresponds to a poorly consolidated sediment overlying directly on bedrock. However,  this strong mechanical 
impedance contrast enables a researcher to figure out the predominant characteristics of the seismic response of 
a basin clearly and easily, as Boore et al. (1971), Hong and Helmberger (1978), Bard and Bouchon (1980 a, b) 
did. A relatively much lower contrast (ܿ ൌ 2.4) is also considered to confirm whether a similar phenomenon is 
to occur in such a case. 
 
Fig. 2 Liner chirp with frequencies increase from 0.1 to 20 Hz 
linearly over time 
 
 
Fig. 3 Modal frequencies of Basin-45 (high contrast) obtained 
by the frequency-sweeping method 
      To pinpoint the inherent characteristics of each basin with different geometrical properties, a linear chirp 
(Fig. 2) which increases in frequencies from 0.1 to 20 Hz linearly over time is applied, and the Fourier Spectral 
Amplitude of this chirp is constant over the whole frequency range. The modal frequencies of each surface point 
can be derived by utilizing this frequency-sweeping method, and the transfer functions of receivers evenly 
distributed across Basin-45 (high contrast) are shown in Fig. 3, and the fundamental frequency of each model is 
listed in Table 1. 
       A few points can be observed: First, the fundamental frequencies remain constant for different receivers 
across the basin although the amplitudes vary (Fig. 3); Second, given a constant depth H and width 2L, the basin 
fundamental frequency f0 decreases and becomes increasingly close to fh0  with the increase in slope angle. In 
Table 1, the fundamental frequency of Basin-30, Basin-45 and Basin-60 is 2.08Hz (1.18fh), 1.95Hz (1.10 fh) and 
1.89Hz (1.07 fh) respectively, which implies that the fundamental frequency is related to slope angel to some 
extent. Slope angle variation in a basin keeping H and 2L constant will cause a change in "effective width 2W" 
over which the local deposit thickness is greater than half the maximum thickness. The variation of slope angle 
and basin shape can thus be reflected by that of W. Then the fundamental frequencies of each basin in Table 1 
are plotted against W/H in Fig. 4 in which the simulation results in this research are in good agreement with the 
approximation proposed by Bard and Bouchon (1985). 
 
                                                                              ௙బ	௙೓బ ൌ ට1 ൅ ሺ
ு
ௐሻଶ                                                                     (1) 
       
       For W/H greater than 3.0, the fundamental frequency of a 2D basin configuration can be approximated by 
one-dimensional (1D) theory. 
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Fig. 4 Dimensionless fundamental frequency f0/fh0 versus shape ratio W/H 
3 Methodology 
 
The viscoelastic analysis has been conducted in the research by a commercial software Flac3D solving the full 
equations of motion by an explicit finite difference scheme. The effect of soil nonlinearity on the seismic 
response of 2D basin has been extensively examined in literature by elastic, equivalent-linear or fully nonlinear 
analysis (Marsh et al., 1995; Zhang and Papageorgiou, 1996; Pavlenko, 2001; Olsen et al., 2006; Lenti et al., 
2009; Gelagoti et al., 2012). Most studies conclude that soil nonlinearity plays a positive role, namely reduces 
2D basin amplification. Moreover, all the incident seismic signals are scaled to a relatively small amplitude (less 
than 0.15g) under which the soil nonlinearity is hardly activated. Therefore, only elastic constitutive is 
employed in this study.  
      Viscous boundary (Lysmer and Kuhlemeyer, 1969) is applied at the horizontal boundary. This artificial 
boundary involves viscous dashpots that are independently attached to the horizontal boundary in both normal 
and tangential directions. These dashpots prevent the reflection of outward propagation waves back into the 
model and allow the necessary energy radiation. Free-field boundary (Cundall, 2008) is placed at the two 
vertical boundaries to simulate its free-field motion.  
      Mass-and-stiffness proportional Rayleigh type of inelastic damping is introduced to provide an 
approximately frequency-independent damping over a frequency range of primary interest which incorporates 
both the natural frequency of the model and the dominant frequency of the input motion. Spatial variation of 
damping is accounted by assigning different critical damping ratios to each material (0.5% and 2% for bedrock 
and deposit respectively). To accurately simulate seismic waves propagation without distortion up to cut-off 
frequency 10 Hz, due attentions are paid to model discretisation.  The spatial step is taken as ଵଵ଴
௩ೞ,೘೔೙
௙೎ೠ೟ష೚೑೑ 
(Kuhlemeyer and Lysmer, 1973) in both directions. The critical time step of the dynamic analysis is calculated 
automatically by the code based on P wave velocity, area and volume of each zone in the grid. 
4 Input motion 
 
To simplify this research, a relatively narrow band wave-Ricker wavelet is taken as incident signal, Ricker 
wavelet is defined as 
                                                    ݂ሺݐሻ ൌ െగଶ ሺܽ െ 0.5ሻ݁ି௔, with ܽ ൌ หߨሺݐ െ ݐ௦ሻ ௣݂ห
ଶ
                                          (2) 
 
       Where ݐ௦ is the time of peak amplitude, ௣݂ is the peak frequency. Different ݐ௦ and ௣݂ are employed in this 
research, for ݐ௦ ൌ 0.7,	 ௣݂ ൌ 2ܪݖ, the normalized Ricker wavelet and its Fourier Amplitude are illustrated in Fig. 
5 (a) and (b) respectively . Considering the complexity of waveform conversion in P and SV incident cases, only 
anti-plane motions, namely SH incident cases are explored at present while in-plane motions will be discussed in 
the future research. 
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Fig. 5 Ricker wavelet (ݐ௦ ൌ 0.7,	 ௣݂ ൌ 2ܪݖ), (a) Normalised time history of Ricker wavelet; (b) Corresponding Fourier Amplitude Spectra 
5 Validation  
 
The method employed in this research is validated by comparing its result with that of Kawase and Aki (1989) 
which is verified extensively by Zahradnik (1995) and Gil-Zepeda et al. (2003). The synthetic seismogram of 
for a trapezoidal basin is obtained by the method utilized in this study (Fig. 6 (b)). It is in good agreement with 
that by Kawase and Aki (1989) (Fig. 6 (a)), which proves the simulation in this research has been conducted in a 
valid and credible way.   
 
Fig. 6 Synthetic seismogram of surface displacement amplification normalised to that of the incidence, (a) Presented by Kawase and Aki 
(1989); (b) Obtained by the method employed in this paper. The difference in the arrival time of SH waves is caused by the different depths 
of bedrock. 
 
6 Results and analysis 
6.1 Effect of input motion: predominant frequency 
 
Only the impact of predominant incidence frequency is studied in this research. Ricker wavelets with different fp 
(1.5 Hz, 2.1 Hz, 3.7 Hz, 7.3 Hz,) but same amplitude are inputted as plane SH waves. The synthetic 
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seismograms for Basin-30 are illustrated in Fig. 7. The synthetic seismogram for fp =7.3 Hz is not presented 
since it is fairly similar to that of fp =3.7 Hz.  
      The disparate seismograms (Fig. 7) indicate that the predominant frequency of incidence exerts a significant 
influence on the basin seismic response. Fig. 7 (a) presents a resonance pattern that affects only a relatively 
narrow ground belt but significantly prolongs the ground motion duration, and basin effects are totally 
overshadowed here.   
      In Fig. 7 (c), surface waves, Love waves in SH case, emerge. Love waves are in essence a frequency-
dependant horizontally-propagating mode of construction interference between totally reflected wavefronts 
trapped within the surface layer (Hudson, 1962). For vertical incidence, total reflection occurs only when 
upward-travelling seismic waves from subsurface are bent horizontally into a soft surface layer by an irregular 
interface, topography or lateral inhomogeneity of geotechnical material. In this study, two trains of Love waves 
are triggered at both edges and propagate in opposite direction yet at an identical velocity about 630 m/s 
(graphical estimation). This apparent velocity is in agreement with the theoretical value (636.7 m/s) from the 
dispersion curve (Fig. 8) for its equivalent flat layer (a laterally homogeneous layer overlying a half-space with 
the same properties). Then these two trains meet at the basin centre, followed by reflections by the rising basin 
edges and proceeding to propagate back and forth until completely attenuation. The generation and following 
reverberation of Love waves significantly amplify the ground motion and prolong the duration. Fig. 7 (b) is in 
transition. 
      The differences among these figures can be firmly owed to the only variable- predominant incidence 
frequency fp or wavelength .  In Fig. 7 (a), incidence waves (fp =1.5 Hz) corresponds to a relatively long 
wavelength (= 4.71H). Thus, the gradually narrowing wedge-shaped basin edges are neglected by the incoming 
waves, resulting in the lateral impedance contrast undetected. Therefore, only a relatively narrow surface area 
presents a 1D response pattern. While in Fig. 7 (b) and (c), Basin-30 is excited by Ricker wavelet with a 
relatively higher predominant frequency (shorter wavelength). The wedge-shaped edges are detected, which 
lead to the generation of surface waves, a wider propagation belt as well as an intensified seismic response in 
Edge Region (Fig. 9).  
      Only when the wavelength of seismic waves in the deposit is comparable or even smaller than the maximum 
depth of a basin or laterally inhomogeneous layer, the basin dimension or the lateral inhomogeneity is 
perceptible to the incident waves, then prominent surface waves can be observed. Otherwise, incident signal 
cannot recognise the existence of a basin configuration, leading to a nearly 1D seismic response and no 
prominent surface waves emerge.  
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(a) fp =1.5 Hz, / H =4.71 
  
Fig. 7 Synthetic seismogram of PGA for Basin-30 (high contrast), the amplitude is normalised to that of the incident Ricker waves, with 
incident waves located at the bottom, (a) fp =1.5 Hz; (b) fp =2.1 Hz; (c) fp =3.7 Hz. 
 
 
Fig. 8 Dispersion curve (Ben-Menahem, 1981) for fundamental mode of Love wave travelling in a laterally homogeneous layer overlying a 
half-space with the same properties to Basin-30 (high contrast), c- phase velocity, U- group velocity. 
 
      Fig. 9 depicts the distribution pattern of horizontal PGA (Peak Ground Acceleration). With the increase of 
input predominant frequency, followings can be observed: First, the amplification attribution pattern becomes 
increasingly complicated from a strongly unimodal to a multimodal pattern. The smaller the incidence 
wavelength is, the more details that can be captured. Second, the MDL (Most Disadvantage Location, refers to 
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the surface location that corresponds to the maximum of PGA) transfers gradually from the central to the side, 
namely the seismic response of side areas become increasingly intensive. Both can be attributed to the 
decreasing wavelength, leading to much more details captured. Thus, the detected wedge-body as well as the 
generation, propagation and constructive interference of surface waves with up-down going body waves (this 
interference is defined as “basin-edge effect” by Kawase (1996), resulting in the peak in basin central for fp =3.7 
Hz case) complicate the PGA attribution pattern. It should be pointed out that both 1.5 Hz and 2.1 Hz are close 
to the fundamental frequency (2.11Hz) of this basin, which causes a relatively larger amplification.  
      The complexity of PGA distribution pattern, the width of ground motion as well as the amplitude of ground 
motion in the Edge Region increase with incident frequency. 
 
 
 
 
Fig. 9 Horizontal PGA distribution of Basin-30 (high contrast), the amplitude was normalised to that of the incidence.  
 
      As to the precondition where prominent surface waves can be observed, only a qualitative conclusion was 
draw by Bard and Bouchon (1980a, b) that surface waves can be generated at basin edges when the incident 
wavelength is comparable to the depth of the basin. In this study, a quantified precondition is explored from an 
energy point of view.  
      Because of the existence of lateral heterogeneity (rising basin edges), total reflection will inevitably occur to 
these edge-refracted waves that would afterwards be post-critically trapped within the soft soil layer. An 
inhomogeneous or evanescent wave will be triggered in the stiff subjacent layer at the same time, as shown in 
Fig. 16 (b). This evanescent wave travels horizontally along the interface between the layer and the half-space. 
The ratio of Love wave energy that travels within the layer to that travels as an inhomogeneous wave in the half-
space, ܴଶ/ܴଵ	has been given by Hudson (1962): 
 
                                              ோమ	ோభ ൌ ሺ
ఘమ௩ೞమమ
ఘభ௩ೞభమ ሻ
ଶ ଶሺା௡ሻାୱ୧୬	ሺଶሻ
ଶ௖௢௦మ ݐܽ݊                                                     (3) 
 
                                                     ൌ ߱ܪට ଵ௩ೞమమ െ
ଵ
௖బమ                                                                         (4) 
 
      The phase velocity of nth mode cn, can be found by the solution of Aki and Richards (1980): 
 
                         tan	ሺ߱ܪට ଵ௩ೞమమ െ
ଵ
௖೙మ െ ݊ߨሻ ൌ
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భ
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Where - phase shift angle; ߱- angular frequency	߱ ൌ 2݂; 	ܿ௡-phase velocity of the nth mode Love wave; n= 0, 
1, 2… the mode of Love wave. The ratio ܴଶ/ܴଵ	increases from zero (when  ൌ 0) to infinity (when  ൌ /2). 
For low-frequency incidence, the energy travels mainly in the underlying half-space as evanescent wave. As the 
frequency increases, more and more energy tends to travels in the soft layer, and for a very high-frequency 
incidence, the energy tends to travel mainly in the surface layer (Stoneley, 1958).  
      The variation of ܴଵ/ܴଶ	with f/fh for fundamental mode of Love wave propagating in the equivalent plane 
layer of Basin-30, Basin-45 and Basin-60 (high-contrast) is illustrated in Fig. 10. It illustrates that the energy 
travels mainly in the bedrock as inhomogeneous evanescent wave when the fp< 0.9fh (>3.6H). While ௣݂ ൒
0.9 ௛݂(൑3.6H), Love wave energy travels mainly in the surface layer. For Basin-30 subjected to the Ricker 
wavelet with predominant frequency fp=1.5Hz (݂/ ௛݂ ൌ 0.85), almost all of the energy travels in inhomogeneous 
wave, which account for the absence of Love waves on the ground, as shown in Fig. 7 (a). By contrast, 
prominent Love waves are observed in both Fig. 7 (b) (݂/ ௛݂ ൌ 1.19) and Fig. 7 (c) (݂/ ௛݂ ൌ 2.09). Formula (3) 
~ (4) indicate that “critical wavelength c” (corresponds to ܴଶ/ܴଵ	 ൌ 1) is dependent on shear wave velocity, 
mass density and layer depth,  c = 3.6H is only tenable in this study for high-contrast basins with H=100 m . 
 
  
Fig. 10 ܴଵ/ܴଶ	vs. f/fh for fundamental mode of Love wave propagating in equivalent plane layer of high-contrast basins with H=100 m, fh-
fundamental frequency of the equivalent plane layer, fh =1.77Hz. 
      
6.2 Effect of mechanical parameters: impedance ratio 
 
Impedance is the resistance to particle motion (Aki and Richards, 1980). It critically affects acoustic waves 
propagation. Hence, its implication on the seismic response of 2D sediment-filled basin is investigated in this 
section. The effect of impedance contrast on horizontal PGA is illustrated in Fig. 11. Two points can be made: 
First, the peaks shift outward slightly with the decrease in impedance ratio (exactly the velocity contrast), to 
which formula (13) and (14) can give a compelling interpretation.  
      Second, impedance ratio affects the amplitudes significantly. The larger the impedance ratio is, the higher 
the amplitudes are. This can be attributed to the energy dissipation determined by impedance ratio. For high 
contrast case (Fig. 12 (a)), most of the seismic waves are trapped in the sediment layer, the incident SH waves 
are reflected within the upper layer multiple times without severe energy radiation. In contrast, for low contrast 
case (Fig. 12 (b)),  massive energy leak to the bedrock has been observed every time seismic waves reach the 
base of the basin.  
      Wave propagation along the depth has also been obtained by receivers vertically at basin center from the 
bottom of the model to the ground (Fig. 13). For low contrast case (Fig. 13 (a)), incident SH waves reach the 
interface at a velocity of 1100 m/s, and then one part of these waves are reflected back into the half-space while 
the rests travel across the interface. Those waves crossing the interface propagate upwards at a velocity of 550 
m/s prior to being reflected by the free surface (without phase change) and then travel downwards before being 
weakened further at the interface: one part reflected (with a phase change of 180) while the remaining 
transmitted into the half-space. While for high contrast case (Fig. 13 (b)), multiple reflections and longer 
duration are observed without considerable transmission at the interface. Thus, energy is mainly conserved 
within the soft layer.Therefore, higher amplitude and longer duration are expected in high contrast case. 
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Fig. 11 Horizontal PGA distribution, the amplitude was normalised to that of the incident Ricker wavelet (fp =7.3 Hz), (a) Basin-30; (b) 
Basin-45; (c) Basin-60. 
 
 
(a) High contrat case (b) Low contrast case 
Fig. 12 Acceleration vector of Basin-30 at 1.1s, (a) High contrast case; (b) Low contrast case. 
 
      The effect of impedance ratio on dissipation can also be elaborated by acoustic wave propagation theory. For 
the initial incidence of ray with amplitude Ai from half-space to a layer, the amplitude of reflected wave ܤ଴ and 
that of refracted wave ܣ଴ can be given respectively by 
 
       																																																																	ܤ଴ ൌ ܣ௜ ఘభ௩ೞభିఘమ௩ೞమఘభ௩ೞభାఘమ௩ೞమ=ܣ௜ሺ
௖ିଵ
௖ାଵሻ                                                           (6) 
       																																																																	ܣ଴ ൌ ܣ௜ ଶఘభ௩ೞభఘభ௩ೞభାఘమ௩ೞమ=ܣ௜ሺ
ଶ௖
௖ାଵሻ                                                           (7) 
 
      The initially transmitted waves trapped within the layer decay exponentially with the number of times it 
touches the lower interface. After n reflections at the base, the amplitude of the multiply-reflected waves ܣ௡ and 
the amplitude of the leaky waves transmitted back into the bedrock ܤ௡ can be given respectively by 
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(a) Low Contrast 
 
(b) High Contrast 
Fig. 13 Seismic waves propagation along depth for Basin-30 excitated by Ricker wavelet (fp =7.3 Hz), (a) Low contrast; (b) High contrast. 
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      Formula (7) and (8) indicate that the high contrast basin initially “absorbs” a relatively higher proportion of 
energy and subsequently “trap” them with a lower proportion of radiation, resulting in a more intense ground 
motion and a longer duration compared with low contrast one.  
 
6.3 Effect of geometrical parameters: Shape ratio L/H and slope angle  
 
The shape of one basin can only be determined by L/H ratio and slope angle together. Thus, the influences of 
L/H ratio and slope angle will be discussed in this section. To make the basin geometry much more perceivable 
to the incident waves, high-predominant-frequency incidence (fp =7.3 Hz) is used. The synthetic seismograms of 
Basin-45 and Basin-60 (high contrast) are presented in Fig. 14 (a) and (b) respectively, and that of Basin-30 
(high contrast) has already been presented in Fig. 13 (top).  
 
  
Fig. 14 Synthetic seismogram of horizontal PGA for basins with different slope angles (high contrast), the amplitude was normalised to that 
of the incident Ricker waves, with incident Ricker wavelet (fp =7.3 Hz) located at the bottom, (a) Basin-45; (b) Basin-60. 
 
      As shown in Fig. 13 and Fig. 14, only fundamental surface waves are observed in all of these basins, 
followed by their back-and-forth propagation between the basin edges. A notable difference between Fig. 13 and 
Fig. 14 is that secondary surface waves emerge in both Basin-45 and Basin-60, yet it is absent in Basin-30. The 
secondary surface waves are triggered by the multiply reflected SH waves and with a higher velocity than that of 
the fundamental surface waves mode. A persuasive explanation for its generation cannot be given here, and it 
occurs only in basins with relatively large slope angle (Basin-45 and Basin-60). However, the secondary surface 
waves can be regarded as negligible from an engineering point of view since its small amplitude and rapid 
attenuation compared with the direct incident waves and the fundamental surface waves. 
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Fig. 15 Horizontal PGA distribution (high contrast), the amplitude was normalised to that of the incident Ricker wavelet (fp =7.3 Hz), with 
the corresponding basin shown below, and only left Near-edge Region was marked because of its symmetry, (a) Basin-30; (b) Basin-45; (c) 
Basin-60. 
 
     (a) Basin-30 (sloping-edge)                                   (b) Basin-60 (steep-edge) 
Fig. 16 Ray path diagram of wave propagation in sloping-edge and steep-edge basins (high contrast) to vertically incident plane SH waves, 
H.tan is larger than the actual width of Near-edge Region to some extent regardless of diffractions at both vertices. 
 
 
      Fig. 15 depicts the PGA distribution of Basin-30, Basin-45 and Basin-60. The PGA distribution patterns are 
totally different in the absolute location system (x/L), and it appears that slope angle plays a significant role on 
the PGA distribution pattern. However, if the distribution pattern is placed into the relative location system in 
which the basin surface is zoned into different regions as shown in Fig. 1 (c), all these distribution patterns have 
one thing in common: there always exists a peak in the Near-edge Region. But for Basin-30, an extra peak exists 
in the Edge Region. A reasonable explanation for the location of these peaks can be given based on a ray-path 
analysis (Fig. 16). By Snell’s law and geometrical analysis, the followings can be given 
                                                                           ଵ ൌ ߙ                                                                                      (10) 
                                                                     ݏ݅݊ଶ ൌ ௩ೞమ௩ೞభ . ݏ݅݊ଵ                                                                          (11) 
                                                                       ଷ ൌ ଶ ൅ ଶ െ ߙ                                                                           (12) 
 
      When the slope angle of one basin is relatively small ߙ ൏ ଷ, namely ߙ ൏ ସ ൅
మ
ଶ  ,  as illustrated in Fig. 16 
(a), the edge-refracted waves can be classified into two bunches. One bunch of waves is reflected by the rising 
edge directly to the Near-edge Region and then intervenes with the base-refracted SH waves in the Near-edge 
Region, inducing a strong ground motion in this area. This effect is defined as “lens effect” in this study. By 
contrast, another bunch is reflected multiply in the wedge-shaped body before exiting from this wedge, and this 
trap effect may cause constructive interference among these waves in the Edge Region, aggravating ground 
motion in this region. This effect is referred as “wedge effect” in this research. Both lens effect and wedge 
effect occur in small-edge-angle basin. Therefore, two peaks are observed in Basin-30 (ସ ൅
మ
ଶ ൌ 47.89 ) (Fig. 
15), one is located in the Edge Region and another in the Near-edge Region. 
      In contrast, for relatively large slope angle,ߙ ൐ ଷ, namely ߙ ൐ ସ ൅
మ
ଶ  , as shown in Fig. 16 (b), the incident 
waves in the rising edge are refracted immediately out of the triangular wedge or flee from the wedge after 
additional free-surface reflection, directly towards the Near-edge Region. These edge-refracted seismic waves 
will interfere with the base-refracted SH waves, causing an intensified ground shaking in the Near-edge Region, 
namely aforementioned “lens effect”. However, in the Edge Region, there is almost no possibility for the 
occurrence of interference, resulting in no peaks in this area. Therefore, only “lens effect” can be observed in the 
steep-dipping basin, like Basin-60 (ସ ൅
మ
ଶ ൌ 50.3 ) (Fig. 15). 
      The exact width of the Near-edge Region can be derived analytically according to Snell’s Law: 
 
                                                                  ܧ ൌ ܪ. tanሺെ ଶሻ                                                                       (13) 
                                                                    ݏ݅݊ଶ ൌ ௩ೞమ௩ೞభ . ݏ݅݊ߙ                                                                         (14) 
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Where E- the width of Near-edge Region, H- depth of a basin,  - slope angle, ݒ௦ଵ,	ݒ௦ଶ – shear wave velocity of 
half-space and sediment layer respectively. Formula (7) and (8) imply that the width of Near-edge Region is 
dependent on slope angle and velocity contrast.  
      It needs to be pointed out that the concept of Near-edge Region become geometrically meaningless when it 
comes to Basin-60-Deep (Fig. 17) of which the value of E (237.88 m) is larger than that of l2 (134.53 m). Basin-
60-Deep satisfies the existence condition of 2D resonance (Fig. 18). Thus, 2D resonance will prevail under 
dynamic excitation, generating a significant amplification in the mid-part of the basin.  
      Basin seismic response features either 1D resonance+ lateral propagation or 2D resonance. These two types 
of basin behaviour can be distinguished approximately by a curve (Fig. 18) over which basin response is 
characterized by 1D resonance and surface waves lateral propagation while below which it is dominated by 2D 
resonance (Bard and Bouchon, 1985). Accordingly, it is reasonable to leverage this curve to quantitatively 
define a basin as either “deep basin” (below the curve) or “shallow basin” (beyond the curve). Both the 
geometrical parameters (basin shape, depth, slope angle) and the dynamic parameter (velocity contrast) are 
taken into account explicitly or implicitly in this definition. Hence, this definition should be tenable for any 
basin shape. In the common velocity contrast range, a basin with W/H > 3.0 can be deemed as shallow basin.  
Combined with the analysis in section 2 that the fundamental frequency f0 of a basin with W/H > 3.0 can be 
approximated by 1D theory fh, both to certain extent suggest the quasi-1D nature of shallow basin. 
      The proposed concept of Near-edge Region can only be used to shallow basin, not to Basin-60-Deep which 
is a deep basin according to the definition above. Fig. 19 illustrates the distribution of PGA for a very shallow 
basin-Basin-60-Broad, it can be seen that the basin edge effects influence only a very limited area (about 1.5H 
in this case) -mainly Edge Region and Near-edge Region while the other areas present almost identical PGA 
level. 
      Despite the distinct PGA distribution patterns in Fig. 15, Fig. 17 and Fig. 19, the amplitudes of amplification 
do not change significantly, which imply that basin geometry plays a more prominent role on the distribution 
pattern than on the amplitude of ground motion. 
 
 
Fig. 17 Horizontal PGA distribution of Basin-60-Deep (high contrast), other conditions are the same as in Fig. 9 
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Fig. 18 Existence condition of 2D resonance (SH case) for basins developed in this study. The dots (top down) represent Basin-60-Deep, 
Basin-30, Basin-45, Basin-60 and Basin-60-Broad respectively.  
 
 
 
 
 
Fig. 19 Horizontal PGA distribution of Basin-60-Broad (high contrast), other conditions are the same as in Fig. 9. 
       
6.4 Quantification of influential area of basin edge in shallow basin 
 
      Shallow basin which laterally extends at least a few kilometres but dips only a few hundred meters is more 
prevalent than deep basin in engineering practice, like Mygdonia Basin, Greece (Raptakis et al., 2000; Raptakis 
et al., 2005), Ashihara Valley, Japan (Ohtsuki et al., 1984; Kawase and Sato, 1992),  Fuzhou Basin, China (Chen 
et al., 2015), Dead Sea Basin (Shani-Kadmiel et al., 2012), Gubbio Basin, Italy (Bindi et al., 2009) and Lower 
Hutt Valley, New Zealand (Adams et al., 2003). It is thus more meaningful to characterise the seismic response 
of shallow basin. In Fig. 19, it is observed that the edge of the shallow basin only affects a very limited width. 
Similar numerical results have also been shown by Hasal and Iyisan (2014), Khanbabazadeh and Iyisan (2014) 
and Gelagoti et al. (2012).  Besides, this limited influential area is also evidenced by the damage belt along the 
basin edge in Kobe (Kawase, 1996). Moreover, it is substantiated as well by the latest observations during the 
Nepal (Gorkha) earthquake in 2015 that building damage and ground failure are concentrated along the basin 
edge (Hashash, 2015).  Therefore, it is significant and feasible to quantify the influential areas of basin edge for 
shallow basins. 
      To make the investigation more practical, Basin-30-Broad (=30, L=1000m, H=100 m) with low-contrast 
material (c=2.4) is studied. Considering the complex (in comparison to Ricker wavelet) and random nature of 
real earthquake, 39 real seismic motions (Mw=6.0~7.6) recorded on rock sites (Vs,30 > 760 m/s) are compiled 
from the Pacific Earthquake Engineering Research Centre Strong Ground Motion Database (Appendix A). 
These records are then pre-processed by utilizing a low-pass, Butterworth filter with a 10 Hz cut-off frequency. 
Based on the Aggravation factor (AG) proposed by Chávez-García (2000) as the additional amplification of 2D 
to 1D model, a more comprehensive concept-Spectral Aggravation factor (SAG) is proposed in this investigation: 
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                                                                   ܵܣܩ	ሺܶ, ݔ/ܮሻ ൌ ௌ஺మವሺ்,௫/௅ሻௌ஺భವሺ்,௫/௅ሻ                                                              (15) 
 
Where SA2D (T,ݔ/ܮ) and SA1D (T,ݔ/ܮ) - spectral acceleration (SA) of ground point ݔ/ܮ from 2D basin model and 
its corresponding 1D model respectively. 
      The distribution of ܵܣܩ	ሺܶ ൌ 0ሻof Basin-30-Broad is illustrated in Fig. 20. A de-amplification zone is 
observed in the Edge Region, followed by peaks (maximum 1.6) located in the Near-edge Region and then a 
steady level trend (SAG is about 1.1) in the broad Central Region. It is obvious that the influential area of basin 
edge is limited to an area of x/L= -1.0 ~ -0.75, the length of which is 2.5H. The thick line is the average SAG 
(T=0) of the 39 excitations. SAGs at other periods are of primary interest from an engineering perspective. Thus, 
the average SAG for a large bandwidth periods is shown in Fig. 21.  
      The peak is	ܵܣܩ	 ቀܶ ൌ 0.4ݏ, ௫௅ ൌ െ0.82ቁ ൌ 1.4, and it can also be observed that the value of SAG varies 
from area to area, period to period. It is infeasible to introduce a uniform constant AG to take the 
multidimensional effects into account in modern seismic codes since SAG is a function of both position and 
period. It may be tenable to zone the basin surface into different regions and then propose SAG for different 
regions separately. Based on the zoning system proposed in this research (Edge Region, Near-edge Region and 
Central Region), SAGs is proposed for these areas respectively (Fig. 22), which may offer a tool to calibrate 1D-
based design spectrum to make the basin effects accountable.  
 
     
Fig. 20 SAG distribution of Basin-30-Broad (low contrast) subjected to 39 real seismic motions listed in Appendix A, the thick line is the 
average value, only half of the basin model is presented because of symmetry. 
 
Fig. 21 Average SAG (T, x/L) of Basin-30-Broad (low contrast), period T is normalised by T0   
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Fig. 22 SAG of different zones for Basin-30-Broad (low contrast)   
 
7 Conclusions 
 
In this paper, numerical study has been conducted on a totally of ten basin configurations with different slope 
angles or half-width/depth ratios to investigate in great details the interaction of incident waves (predominant 
frequency) and the geometry (slope angle and half-width/depth ratio) as well as the material property 
(impedance ratio) of alluvial trapezoidal basin. Ricker wavelets with different predominant frequencies as well 
as 39 records were taken as plane-incident SH waves. Seismic viscoelastic responses of these basins were 
numerically simulated in both high and low contrast cases by an explicit finite difference scheme. The 
followings can be concluded: 
1. In the common velocity contrast range (vs1/vs2 <10), a basin with W/H > 3.0 can be deemed as shallow 
basin and its fundamental frequency f0 approximates 1D fundamental frequency fh. 
2. The complexity of PGA distribution pattern, the width of ground motion as well as the amplitude of 
ground motion in the Edge Region increase with incident frequency. Prominent surface waves can only 
be observed when the incident wavelength is shorter than the critical wavelength c. 
3. The amplitude and distribution of ground motion are determined by the interaction between incidence 
signal and basin dynamic property as well as basin geometry. The former (interaction between 
incidence and material) plays a dominant role on the amplitude while the later (interaction between 
incidence and geometry) plays a more significant role on the distribution. 
4. For very shallow basin, the edge effects affect different ground areas to different extents. Only a 
limited edge area is influenced significantly. It is more feasible to propose SAGs for different surface 
zones respectively than a uniform constant as a tool to calibrate the 1D-based design spectrum so as to 
take basin effects into account. 
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Appendix 
Appendix A: Input real seismic excitations 
ID 
 Record 
Sequence 
Number 
 Earthquake Name  Year  Station Name  Magn.  Rrup. (km) 
 Vs,30 
(m/sec) 
1 59  "San Fernando" 1971  "Cedar Springs Allen Ranch" 6.61 89.72 813.48 
2 80  "San Fernando" 1971  "Pasadena - Old Seismo Lab" 6.61 21.5 969.07 
0.8
0.9
1
1.1
1.2
1.3
1.4
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
AG
T/T0
Edge Region
Near-edge Region
Central Region
3 143  "Tabas  Iran" 1978  "Tabas" 7.35 2.05 766.77 
4 455  "Morgan Hill" 1984  "Gilroy Array #1" 6.19 14.91 1428.14 
5 765  "Loma Prieta" 1989  "Gilroy Array #1" 6.93 9.64 1428.14 
6 788  "Loma Prieta" 1989  "Piedmont Jr High School Grounds" 6.93 73 895.36 
7 789  "Loma Prieta" 1989  "Point Bonita" 6.93 83.45 1315.92 
8 795  "Loma Prieta" 1989  "SF - Pacific Heights" 6.93 76.05 1249.86 
9 797  "Loma Prieta" 1989  "SF - Rincon Hill" 6.93 74.14 873.1 
10 804  "Loma Prieta" 1989  "So. San Francisco Sierra Pt." 6.93 63.15 1020.62 
11 879  "Landers" 1992  "Lucerne" 7.28 2.19 1369 
12 1011  "Northridge-01" 1994  "LA - Wonderland Ave" 6.69 20.29 1222.52 
13 1091  "Northridge-01" 1994  "Vasquez Rocks Park" 6.69 23.64 996.43 
14 1108  "Kobe  Japan" 1995  "Kobe University" 6.9 0.92 1043 
15 1161  "Kocaeli  Turkey" 1999  "Gebze" 7.51 10.92 792 
16 1165  "Kocaeli  Turkey" 1999  "Izmit" 7.51 7.21 811 
17 1446  "Chi-Chi  Taiwan" 1999  "TAP077" 7.62 119 1022.77 
18 1613  "Duzce  Turkey" 1999  "Lamont 1060" 7.14 25.88 782 
19 2508  "Chi-Chi  Taiwan-03" 1999  "CHY102" 6.2 60.36 804.36 
20 2753  "Chi-Chi  Taiwan-04" 1999  "CHY102" 6.2 39.32 804.36 
21 2929  "Chi-Chi  Taiwan-04" 1999  "TTN042" 6.2 69 845.34 
22 2989  "Chi-Chi  Taiwan-05" 1999  "CHY102" 6.2 74.16 804.36 
23 2996  "Chi-Chi  Taiwan-05" 1999  "HWA003" 6.2 50.44 1525.85 
24 3042  "Chi-Chi  Taiwan-05" 1999  "ILA001" 6.2 134.89 909.09 
25 3325  "Chi-Chi  Taiwan-06" 1999  "HWA003" 6.3 56.02 1525.85 
26 3548  "Loma Prieta" 1989  "Los Gatos - Lexington Dam" 6.93 5.02 1070.34 
27 3920  "Tottori Japan" 2000  "OKYH02" 6.61 70.52 1047.01 
28 3925  "Tottori Japan" 2000  "OKYH07" 6.61 15.23 940.2 
29 3954  "Tottori Japan" 2000  "SMNH10" 6.61 15.59 967.27 
30 4083  "Parkfield-02 CA" 2004  "PARKFIELD - TURKEY FLAT #1 (0M)" 6 5.29 906.96 
31 4167  "Niigata  Japan" 2004  "FKSH07" 6.63 52.3 828.95 
32 4926  "Chuetsu-oki  Japan" 2007  "AKTH05" 6.8 219.87 829.46 
33 5013  "Chuetsu-oki  Japan" 2007  "FKSH15" 6.8 126.64 803.57 
34 5444  "Chuetsu-oki  Japan" 2007  "YMTH03" 6.8 139.52 899.84 
35 5646  "Iwate  Japan" 2008  "IWTH14" 6.9 99.05 816.31 
36 6372  "Tottori Japan" 2000  "SMN013" 6.61 152.43 762.1 
37 8165  "Duzce  Turkey" 1999  "IRIGM 496" 7.14 4.21 760 
38 8167  "San Simeon  CA" 2003  "Diablo Canyon Power Plant" 6.52 37.97 1100 
39 8168  "Parkfield-02 CA" 2004  "Diablo Canyon Power Plant" 6 78.32 1100 
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